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Abstract. We study in details the parameterizations of the nuclear parton distributions at the next-to-
next-to-leading order (NNLO) of αs. In low x and Q
2
0, we observe negative gluon distribution at this order
which signals the saturation condition or the quark-gluon plasma condition. Our study also shows the gluon
distribution at (NNLO) is less than next-to-leading order (NLO) of αs, and the sea quark distribution at
(NNLO) is larger than (NLO)
PACS.
25.30.Mr Muon-induced reactions (including the EMC effect) –
13.85.Qk Inclusive production with identified leptons, photons, or other nonhadronic particles –
12.39.-x Phenomenological quark models –
14.65.Bt Light quarks
1 Introduction
Deep Inelastic Scattering (DIS) provides a tool for probing
the quark momentum distribution in the nucleons and in
the nuclei. Since the first indications that the DIS struc-
ture functions measured in the charged-lepton scattering
off the nuclei differ significantly from those measured in
the isolated nucleons, there has been a continuous interest
in fully understanding the microscopic mechanism respon-
sible in nuclei. This phenomena called EMC effect which
was discovered surprisingly in 1983 [1].After then it was
being investigated how it affects the momentum distri-
bution of quarks in nuclei. We indicate that the parton
distributions in nuclei are not simply as the parton den-
sities in the nucleons. In addition to the most commonly
analyzed data sets for deep-inelastic scattering of charged
leptons off nuclei, we also analysis the Drell-Yan di-lepton
production. At low values of the Bjorken scaling variable
x the ratio is R = FA2 /F
D
2 < 1. At medium values of x,
R drops from 1 to values as low as 0.8 and at large x it
reaches values larger than 1. While the latter feature can
be quantitatively explained by the smearing of the parton
distribution functions arising from the momentum distri-
bution of nucleons in nuclei, the former one is accounted
for by including the effect of nuclear shadowing. This Phe-
nomena divided to 4 region in x ≤ 0.05 we have shadowing
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effect. The interval 0.05 ≤ x ≤ 0.3 belongs to antishadow-
ing region. In x = 0.6 ∼ 0.7 we encounter with EMC effect
and for large x we have fermimotion. While extended ex-
perimental and theoretical efforts were put into studies of
the origin of the EMC effect, an acceptable explanation
has yet to be found. One of the major goals of Quantum
Chromo Dynamics (QCD) is the particular investigation
of the parton distribution of the proton and nuclei which
for the first time has been observed by the European Muon
collaboration (EMC). Deep inelastic scattering (DIS) ex-
periment which have been performed by NMC, SLAC,
NMC, FNAL, BCDMS, HERMES and JLAB groups [6,7,
8,9,10,11,12,13,14,15,16,17,18,19,20,21,22] confirm the
specific feature of nuclear reaction at certain region of x-
Bjorken variable which was first observed by EMC collab-
orations. This specific feature has also been seen in Drell-
Yan cross section ratios [23,24]. In this paper we calculate
the nuclear parton distribution functions (NPDFs), us-
ing the global analysis of experimental data, taking into
account the ratio of the structure function, FA2 /F
A′
2 , and
Drell-Yan cross-section ratios σADY /σ
A′
DY by employing the
QCD-PEGASUS-package [25].
This paper consists of the following sections. In Sec.1,
A formalism to establish an analysis method to parame-
terize the experimental data is introduced. In Sec. 2 we
embark this analysis to follow our calculations. We give
our calculations in Sec. 3. The Hessian method is discussed
in Sec. 4 and finally results are given in Sec. 5.
2 S.Atashbar Tehrani, H. Mouji: Nuclear dynamics in the EMC effect at Next to Next to Leading order
2 Formalism
In order to calculate the parton distribution in nuclear me-
dia, we need first the parton distributions in a free proton.
We then use a PDFs set which have been parameterized
at the input scale Q20=2 GeV
2 with the following standard
form, quoted from [26]:
xq(x,Q20) = Aqx
αq (1− x)βq (1 + γqx
0.5 + ηqx) . (1)
The PDFs in above are used as the valance quark dis-
tributions xuv, xdv, the anti-quark distributions xs =
x(u+d+s)
3 , x∆ = x(d − u), and gluon distribution, xg . In
this paper a comparison between the results of used model
in [26] and the experimental groups BCDMS, H1, NMC,
SLAC and ZEUS at an input scale of Q20 = µ
2
NNLO =
2GeV 2 has been done.
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Fig. 1. The weight functions for 4He, 40Ca and 208Pb nuclei
at Q20=2 GeV
2.
We know the NPDFs are provided by a number of
parameters at a fixed Q2 which are normally denoted by
Q20. The NPDFs are related to PDFs in free proton and for
this purpose nucleonic PDFs are multiplied by a weight
function wi:
fAi (x,Q
2
0) = wi(x,A, Z)fi(x,Q
2
0) . (2)
The parameters in weight function are obtained by a χ2
analysis procedure which are dependent on x Bjorken vari-
able, A (mass number) and Z (atomic number).
Here we follow the analysis given by [27,28,29,30,31,
32,33] and assume the functional form in below for the
weight function in Eq. (2):
wi(x,A, Z) = 1 +
(
1−
1
Aα
)
ai(A,Z) + bi(A)x+ ci(A)x
2 + di(A)x
3
(1− x)βi
.
(3)
Combining the weight function in Eq. (3) with PDFs in
Eq. (1), will yield us us NPDFs as in what follows:
uAv (x,Q
2
0) = wuv (x,A, Z)
Z uv(x,Q
2
0) +N dv(x,Q
2
0)
A
,
dAv (x,Q
2
0) = wdv (x,A, Z)
Z dv(x,Q
2
0) +N uv(x,Q
2
0)
A
,
uA(x,Q20) = wq(x,A, Z)
Z u(x,Q20) +N d(x,Q
2
0)
A
,
d
A
(x,Q20) = wq(x,A, Z)
Z d(x,Q20) +N u(x,Q
2
0)
A
,
sA(x,Q20) = wq(x,A, Z)s(x,Q
2
0) ,
gA(x,Q20) = wg(x,A, Z)g(x,Q
2
0) . (4)
In the first four equations, Z term as atomic number indi-
cates the number of protons and the (N = A−Z) term in-
dicate the number of neutrons in in nuclei while the SU(3)
symmetry is apparently broken there. If the number of
protons and neutrons in a nuclei are equal to each other
(iso-scalar nuclei) such as 2D,4He,12C and 40Ca nuclei,
the valence quarks uAv and d
A
v and u
A and d
A
would have
similar distributions. In the case that Z and A numbers
are not equal in the nuclei, it can be concluded that anti-
quark distributions (uA, d
A
, sA) in the nuclei would not
be equal to each other [33,34,35]. For the strange quark
distributions in the nuclei some research studies are still
being done [36] but we assume the common case in which
it is assumed (s = s). In Eq. (3) we take α = 1/3 as in
[37] considering nuclear volume and surface contributions.
In addition there are three constraints for the parameters
which are existed in Eq. (3) namely the nuclear charge Z,
baryon number (mass number)A and momentum conser-
vation [27,28,33,38] as in following:
Z =
∫
A
3
[
2uAv − d
A
v
]
(x,Q20) dx ,
3 =
∫ [
uAv + d
A
v
]
(x,Q20) dx ,
1 =
∫
x
[
uAv + d
A
v + 2
{
uA + d
A
+ sA
}
gA
]
(x,Q20) dx . (5)
3 Overview of the available experimental data
In Table 1, we listed a number of the data which has
been prepared by different experimental groups for the
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Fig. 2. Parton distribution for Lead and Iron at Q2=100 GeV 2 in NNLO and its comparison with the NLO reslts. [33].
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Fig. 3. Parton distribution for Xenon and Silver at Q2 = 1 GeV 2 in NNLO approximation including the error band.
FA2 /F
D
2 ratio. In this ratio the numerator is denoting the
structure function of a nuclei and denominator is repre-
senting the structure function of Deuterium. The total
number of data for the ratio in which the numerator in-
cludes nuclei like Helium (He), Lithium (Li) and etc. is
equal to 1079. In Table the number of FA2 /F
A′
2 ratio for
Be/C, Al/C, Ca/C, Fe/C, Sn/C, Pb/C, C/Li is 308.
For Drell-Yan cross section ratios in table 1 the number
of data is equal to 92 while the related ratio are C/D,
Ca/D, Fe/D, W/D, Fe/Be and W/Be. In the employed
analysis the total number of data is 1479. The interval
range of Q2 values is Q2 ≥ 1GeV 2 and the smallest value
for Bjorken variable x is equal to 0.0055.
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Fig. 4. EMC ratio for several nuceli at Q2 = 5 GeV 2, in NNLO approximation and its comparison with the NLO approximation
[33] .
4 The analysis of χ2 value
We use the MINUIT fitting package [39] to fit the experi-
mental data, including the structure function FA2 /F
A′
2 and
Drell-Yan cross section ratios.
The optimized value of total χ2 is defined by
χ2 =
∑
j
(Rdataj −R
theo
j )
2
(σdataj )
2
. (6)
This relation yield us the proper parameters for NPDFs.
Here Rdataj indicates the experimental values for F
A
2 /F
A′
2
or σADY /σ
A′
DY ratio and R
theo
j is denoting the theoretical
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Nucleus Experiment #of data Reference
(FA2 /F
D
2 )
He/D SLAC-E139 18 [18]
NMC-95 17 [6]
Li/D NMC-95 17 [6]
Li/D(Q2dep.) NMC-95 179 [6]
Be/D SLAC-E139 17 [7]
C/D EMC-88 9 [13]
EMC-90 5 [18]
SLAC-E139 7 [7]
NMC-95 17 [6]
FNAL-E665 5 [15]
JLAB-E03-103 103 [16]
C/D(Q2dep.) NMC-95 191 [6]
N/D BCDMS-85 9 [19]
HERMES-03 153 [22]
Al/D SLAC-E49 18 [8]
SLAC-E139 17 [7]
Ca/D EMC-90 5 [18]
NMC-95 16 [6]
SLAC-E139 7 [18]
FNAL-E665 5 [15]
Fe/D SLAC-E87 14 [9]
SLAC-E139 23 [7]
SLAC-E140 10 [10]
BCDMS-87 10 [11]
Cu/D EMC-93 19 [12]
Kr/D HERMES-03 144 [22]
Ag/D SLAC-E139 7 [7]
Sn/D EMC-88 8 [13]
Xe/D FNAL-E665-92 5 [14]
Au/D SLAC-E139 18 [7]
SLAC-E140 1 [10]
Pb/D FNAL-E665-95 5 [15]
(FA2 /F
A′
2 )
Be/C NMC-96 15 [21]
Al/C NMC-96 15 [21]
Ca/C NMC-96 24 [6]
NMC-96 15 [21]
Fe/C NMC-96 15 [21]
Sn/C NMC-96 146 [21]
NMC-96 15 [21]
Pb/C NMC-96 15 [21]
C/Li NMC-95 24 [6]
Ca/Li NMC-95 24 [6]
(σADY /σ
A′
DY )
C/D FNAL-E772-90 9 [24]
Ca/D FNAL-E772-90 9 [24]
Fe/D FNAL-E772-90 9 [24]
W/D FNAL-E772-90 9 [24]
Fe/Be FNAL-E866/NuSea 28 [23]
W/Be FNAL-E866/NuSea 28 [23]
Total 1479
Table 1. Different experimental results for the FA2 /F
D
2 ,
FA2 /F
A′
2 and σ
A
DY /σ
A′
DY ratio at Q
2
≥ 1.0 GeV2. Number of
data points and the related references are also listed.
result for the parameterized NPDFs. In our calculations,
we takeQ20=2GeV
2 [26] and the χ2 analysis is done, based
on the DGLAP evolution equations [25]. Our calculations
are done in the next-next-to-leading (NNLO) approxima-
tion in which the modified minimal subtraction scheme
(MS) is used [40].
Therefore the nuclei structure function is written as in
following:
FA2 (x,Q
2) =
∑
i=u,d,s
e2ix
[
1 + asC
1
q (x) + a
2
sC
2
q (x)
]
⊗ (qAi + q
A
i )
+
1
2f
(asC
1
g (x) + a
2
sC
2
g (x))⊗ xg . (7)
In this equation, C1,2q,g are wilson coefficient in NLO and
NNLO approximation [41,42] and the symbol ⊗ denotes
the convolution integral:
f(x)⊗ g(x) =
∫ 1
x
dy
y
f
(
x
y
)
g(y) . (8)
We employ the CERN program library MINUIT to mini-
mize the χ2 value. Following that an error analysis can be
done, using the Hessian matrix. The NPDFs uncertainties
are estimated, using the Hessian matrix as in following:
[δfA(x)]2 = ∆χ2
∑
i,j
(
∂fA(x, ξ)
∂ξi
)
ξ=ξˆ
H−1ij
(
∂fA(x, ξ)
∂ξj
)
ξ=ξˆ
,
(9)
where Hij is the Hessian matrix, ξi is a quantity refereing
to the parameters which exist in NPDFs and ξˆ indicates
the amount of the parameter which makes an extremum
value for the related derivative[33].
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Fig. 5. EMC effect for Helium at Q2 = 5 GeV 2, in NNLO
approximation including the error band.
5 Results
In our analysis we use the weight function method as in
Ref. [33]. However in this analysis we assume that the co-
efficients in Eq. (3) depend on nuclear mass number, A.
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In our analysis which is done in the NNLO approxima-
tion, we get to χ2/D.O.F = 1614.90/1462 = 1.1046 . The
number of the data points for the nuclei and Drell-Yan
ratios is totaly 1479. The number of parameters which is
used in our fitting procedure is equal to 17. In Fig. 1 we
depict the weight functions for the Helium, Calcium and
Lead nuclei at initial value Q20= 2 GeV
2. In this figure,
the uncertainties are indicated by the bands. We extract
the NPDFs for Lead and Iron nuclei at Q2= 100 GeV2
in NNLO model and compare it with NLO result in [33]
Fig. 2. These figure show that the sea quark distribution in
NNLO approximation is greater than NLO and also the
gluon distribution in NNLO approximation is less than
NLO approximation.
In Fig. 3 we plot the parton distributions in Q20 =
2GeV 2 with error bar for Xenon and Silver. In this Fig-
ure, we have negative distribution for gluon. We compare
in Fig. 4 our theoretical results with the related DIS data.
In Fig. 5 we show the EMC effect with uncertainties and
compare with experimental data in Q2 = 5GeV 2. In Fig. 6
we compare the theoretical model in Q2 = 5, 10 in NNLO,
plot NLO approximation [33] and compare them with ex-
perimental data. We get good result and better than NLO
approximation. In Figs 7 and 8, we depict the ratios of
FSn2 /F
D
2 , F
Kr
2 /F
D
2 and F
N
2 /F
C
2 with respect to Q
2 val-
ues and compare them with the available experimental
data [21,22] in NLO and NNLO approximation. The nu-
clear parton distribution functions and their uncertainties
are determined by analyzing the F2 and Drell-Yan experi-
mental data. The uncertainties are again estimated by the
Hessian method.
Flavor symmetry in nuclei such as 2D,4He,12C and
40Ca are like each other in which u = d = s. For another
nuclei that the number of their protons and neutrons are
not equal, we have the SU(3) flavor symmetry breaking.
We compare our model with assumption u 6= d 6= s with
respect to HKN-07 [29] ,n-CTEQ [43] and AT-12 [33] re-
sults. This analysis has been done for Gold in Fig. 9 at
Q2=5 GeV2 in which we have SU(3) symmetry breaking.
In the first step 20 parameters have been optimized by
minimizing the χ2 value and in the second one since we
fixed three parameters βv, βqA and βg, we just need to
determine 17 parameters of the weight functions via our
fitting procedure. The reason that we have to fix these
three parameters is that to control the fermi motions of
the partons inside the nuclei at the large values of x. For
the weight functions of the valance and sea quark distribu-
tions, we choose an A-dependent function while the weight
function for the gluon distribution is assumed independent
of A number. The numerical values in Table. 2, are listed
on this base. The parameters auv , adv and ag are fixed by
the three sum rules, given by Eq. (5).
If we intend to discuss about this analysis at some
small enough value of x the number of gluons distribu-
tions is negative and we have saturation condition in Q20
for small x values. Does this mean there are no gluons in
that region? No, it means we are in saturation region [44]
in nuclei where overlapping of gluons with smaller impact
parameter is increased. It is due to the increasing number
of nucleons along a straight line. Consequently the prob-
ability for gluon recombination effects inside the nucleus
would be increased [45]. This leads to gluon saturation
and negative behavior at low x region. We should also
notice that the small-x behavior of singlet NNLO split-
ting functions is negative for small values of Q2 at low
x region [46,47]. The negative distribution for gluon in
low Q2 shows that we have saturation condition that is
very important for nuclei-nuclei collisions and for study-
ing the quark-gluon plasma condition that occurs in the
Big-bang or in the neutrons stars. In hight-energy AA col-
lisions, hard or semi-hard parton scattering in the initial
stage may result in a large amount of jet production. In
particular, the multiple minijets whose typical transverse
moment is a few GeV could give rise to an important frac-
tion of the transverse energy produced in the heavy ion
collisions [48,49] in the RHIC and LHC .
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av aq ag
Appendix A (−0.176 ± 5.78× 10−3)A0.123×10
−2
± Appendix
bv bq bg
(2.052 ± 2.58× 10−2)A−1.89×10
−2
±2.91×10−3 (3.82 ± 8.09× 10−2)A0.128±3.91×10
−3
570.3 ± 58.5
cv cq cg
(−6.769 ± 3.68× 10−2)A−1.17×10
−2
±1.29×10−3 (−18.11 ± 0.41)A0.145±4.63×10
−3
−2575.5 ± 271.2
dv dq dg
(5.165 ± 3.63× 10−2)A3.613×10
−3
±1.78×10−3 (16.12 ± 0.887)A0.239±9.54×10
−3
2985.03 ± 437.7
βv βq βg
0.4 Fixed 0.1 Fixed 0.1Fixed
Table 2. Parameters obtained by analyzing the weight functions for valance quark, sea quark and gluon distributions .
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Fig. 8. Q2 dependence of FKr2 /F
D
2 and F
N
2 /F
D
2 [21] in comparison with the results of NLO and NNLO approximations [33].
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Fig. 9. Flavor symmetry xu−xd in Gold a at Q2=5 GeV2 and
its comparison with HKN-07[29],n-CTEQ[43] and [33] results.
Appendix A
Having three sum rules which give us the nuclear charge
Z, baryon number A and momentum conservation as in
Eq.(5), we can calculate the three parameters auv (A,Z),
adv(A,Z) and ag(A,Z):
auv (A,Z) = −
ZI1(A) + (A− z)I2(A)
ZI3 + (A− Z)I4
,
adv(A,Z) = −
ZI2(A) + (A− z)I1(A)
ZI4 + (A− Z)I3
,
ag(A,Z) = −
1
I8
{
auv (A,Z)
[
Z
A
I5 +
(
1−
Z
A
)
I6
]
+ adv(A,Z)
[
Z
A
I6 +
(
1−
Z
A
I5
)]
+ I7(A)
}
.
(10)
To obtain the numerical values for these parameters in any
nuclei, we need to calculate the following integrals [29]:
I1(A) =
∫
Hv(x,A)
(1− x)βv
uv(x) dx ,
I2(A) =
∫
Hv(x,A)
(1− x)βv
dv(x) dx ,
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I3 =
∫
1
(1− x)βv
uv(x) dx ,
I4 =
∫
1
(1− x)βv
dv(x) dx ,
I5 =
∫
x
(1− x)βv
uv(x) dx ,
I6 =
∫
x
(1− x)βv
dv(x) dx ,
I7(A) =
∫
x
[
Hv(x,A)
(1− x)βv
{uv(x) + dv(x)}
+
aq(A) +Hq(x,A)
(1 − x)βq
2{u(x) + d(x) + s(x)}
+
Hg(x,A)
(1− x)βg
g(x)
]
dx ,
I8 =
∫
x
(1− x)βg
g(x) dx , (11)
where βv = 0.4, βq¯ = βg = 0.1 and Hi(x,A) is given by
Hv(x,A) = bv(A)x + cv(A)x
2 + dv(A)x
3,
Hq(x,A) = bq(A)x + cq(A)x
2 + dq(A)x
3,
Hg(x) = bg + cgx
2 + dgx
3 . (12)
The results of the eight integrals in above, depend on
the atomic number and are different for each nuclei.
Appendix B
The FORTRAN package containing our unpolarized struc-
ture functions, FA2 (x,Q
2), for nuclei, as well as the unpo-
larized parton densities xuAv (x,Q
2), xdAv (x,Q
2), xsA(x,Q2),
xu¯A(x,Q2), xd¯A(x,Q2), xgA(x,Q2) and their uncertain-
ties at NNLO approximation in the MS–scheme can be
obtained via e-mail from the author. In this package we
assumed 10−4 ≤ x ≤ 0.999 and 2 ≤ Q2 ≤ 105 GeV2.
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